Abstract-Content caching between multiple devices to single device (MD2SD) using device to device (D2D) link is studied in this paper. A general outage probability for video content delivery using the popularity and storage size of the user equipment (UE) is derived. This outage probability is modelled as a function of popularity of video, storage size, and signal to interference plus noise ratio (SINR). Our main contribution is a closed form expression and a tractable approximation. The simulation results show that as the popularity of the video increases, the outage probability of the system decreases. It is also analysed that increasing the storage space on the UE decreases the outage probability of the system.
I. INTRODUCTION Global mobile data traffic has grown significantly, and is expected to grow exponentially in the coming years [1] . This constantly growing traffic load is becoming a serious concern for mobile network operators, as the FourthGeneration (4G) cellular systems have already approached its theoretical capacity limits when serving the growing traffic [2] [3] [4] [5] [6] [7] [8] [9] . Out of this growing mobile traffic more than half of the data represents videos [1] . It has been further revealed that the most data traffic load is caused by duplicated downloads of a few popular short video clips. For instance, 10% of the videos in YouTube account for nearly 80% of viewing [10] . Based on this fact, the peak traffic can be significantly reduced by content caching. With content caching the multimedia contents can be stored and reached from nodes near to terminal devices to reduce the average access latency, offload the network data traffic, and make base station (BS) more scalable [11] , [12] . Generally, this duplication is accomplished during off-peak hours when network resources are underutilized.
Device to device (D2D) communication is now adopted in Long Term Evolution-Advanced (LTE-A), which allows devices in proximity transmitting their data directly between each other without going through the base station (BS) [13] . Smart phones and tablets with significantly improved storage capacity can now be combined with D2D to unleash the ultimate potential of content caching. One of the first examples of content caching in D2D was presented in [14] , where data transmission between femtocell and a user device was considered as D2D communication by assuming the femtocell as a device. The results in [14] showed that a nonvanishing throughput per node was achievable if there was sufficient content reuse. Two caching placement schemes, deterministic (central control) and random caching schemes were studied in [15] . The results showed that the spectral efficiency was improved by one to two orders of magnitude when the central control caching scheme was used in D2D communications. In [16] a fundamental conflict between collaboration distance and interference was considered. A closed form expression of the collaboration distance as a function of the model parameters was derived. The main focus of the study was to minimize the transmission power by optimizing the frequency reuse of the system. It was shown from above researches that the key limitations of content caching with D2D communication will lie on ( ) the reliability of channel condition, ( ) whether the user cache was not updated properly, and ( ) if a user rejects to communicate with other users. These limitations resulted in highly outage probability. This paper focuses on improving the outage probability for content delivery in D2D communications. A novel method of video content caching and delivery based on multiple devices to single device (MD2SD) communications is proposed in an environment where a high density of users appear, e.g. stadiums and shopping malls, and multi-user diversity can be explored [2] [3] [4] [5] [6] [7] . The outage probability of the proposed method is theoretically analysed by taking into account the storage memory size, SINR, and content popularity. The main contribution of this paper are 1) A closed form expression for the outage probability is derived. 2) A tractable approximation which is very close to the exact expression is derived.
3) The theoretical results of MD2SD and D2D communications are compared in terms of outage probability. Numerical results show that the outage probability of the proposed scheme can be reduced by 20% compared to the simple D2D communication based scheme. The remainder of this paper is organized as follows. Section II describes the system model. In Section III, performance analysis is carried out. In order to achieve a tractable expression, some simplifications are also carried out in the same section. Results and discussions are presented in Section IV. Finally in Section V, the paper is concluded. Relevant appendixes are attached for detailed derivation.
II. SYSTEM MODEL
Consider a cellular network which consists of a base station (BS) serving user equipments (UEs). Fig. 1 shows a single cell where the main BS is located in the centre and the UEs are modelled as homogeneous poisson point process (PPP) with a density denoted by Φ, where
is the node location which are identically and independently distributed (i.i.d) in the Euclidean plane and = {1, 2, ⋅ ⋅ ⋅ , }. Each UE is assumed to have a storage unit ( ) known as the cache and all UEs have the same storage size. This cache is used to store some parts or complete video files. The UE will be able to transmit data to another UE via D2D communication when requested. We assume single receiver device at the centre of A supported by multiple transmitter devices at the same time inside the area A with radius ( max ), where max is the maximum distance from the receiver location at the centre of A to the farthest transmitter who has the desired file. We assume every user request's videos randomly and independently from a library which contains different videos, and all videos have the same size length . The number of video files stored in the users transmitters is denoted as L, which is calculated as: L= × , where is the number of neighbour transmitter users inside the area A. Finally, our model in Fig. 1 can be summarized as follows: if a UE requests one of the videos which is stored in the vicinity of radius max , neighbours will serve the request via D2D links, otherwise the BS will serve the request. We can get the desired video from multiple devices and SINR can be guaranteed for successful video received. We assume there is no interference inside the area A and all received signals coming from outside A is considered as interference.
The video requested by each user follows Zip'f distribution which is commonly used to model file popularity [17] . The popularity of the ℎ file out of the total population is expressed as
where = {1, 2, ⋅ ⋅ ⋅ } and is the power law parameter which indicates the rate of popularity, and the popularity declines as increases. When the value of increases significantly, it leads to more concentrated distribution, which means that the first few popular videos account for most of the request. For simplicity, we assume that the users will cache the videos which they watched, and the caching distribution is assumed as Zip'f distribution. We assume all users in the system have the same transmission power, and the SINR at the receiver from different transmitters is defined as
where is the distance between the reference user and serving node, is the number of synchronized transmitter users inside A, |ℎ | 2 is the channel gain independent random variable which follows exponential distribution with unit mean and is denoted as |ℎ | 2 ∼ exp(1) [18] [19] [20] [21] [22] [23] , − is the propagation attenuation between receiving and transmitter nodes, is the path loss exponent, 2 is the additive white Gaussian noise power, and is the cumulative interference from simultaneous transmission of other cellular UEs outside the area A. Since our model is assumed for high density of users and the interference is cumulative of large number of independent components, we can model as a Gaussian distribution with zero mean and variance 2 , (0, 2 ) based on central limit theorem [24] , [25] .
III. PERFORMANCE ANALYSIS
The system performance is evaluated in terms of outage probability which is dependent on SINR and content caching distribution. In this section, the performance metric of outage probability is theoretically analysed, where the outage probability is the complement of success probability that the SINR exceeds a threshold ℎ , and the requested video ( ) which is located in the cache of the transmitter of neighbour users denoted as L (i.e, the number of all video files cached by different neighbour UEs is equal to L), where = {1, 2, ⋅ ⋅ ⋅ , L} and L ≤ . Therefore, the success probability is expressed as follows
The SINR and content popularity are two independent events, therefore (3) is written as
where (A) is the probability that SINR will exceed the threshold value ℎ . SINR represent sum of i.i.d. Pareto type II (Lomax) distribution and is solved in Appendix-A, (B) is the probability of finding desired file in area and is solved in Appendix-B. Therefore the success probability in (4) is calculated as
and the outage probability will be a complement of success probability in (5) is represented as
A. Special Case
In Appendix-A, in fact there is no closed form expression for sum of Pareto distribution of i.i.d. random variables as calculated in (6) . However, the sum of Pareto random variables distribution behaves as a Pareto distribution in the tail, therefore we approximate success probability when the exceeds ℎ as follow.
[
The success probability is defined as
and the outage probability will be
IV. RESULTS AND DISCUSSION In this section, the performance of the system is analysed numerically. The results based on (6) are exact theoretical results, while the results based on (9) are from tractable approximation. The main parameters of our simulation are shown in Table 1 . Fig. 2 helps us to understand the effect of storage size on the outage probability of the system. For this simulation, all the UEs have the same memory size in mega bytes (MB). The number of transmitter users is fixed to K=2 and the SINR Fig. 2 it can be observed that as the memory size increases the outage probability decreases. Generally, when the memory size increases, more videos can be stored in each UE which means the chance of finding desired video in neighbour device will increase, resulting in decreased outage probability. Two different values for are considered in this simulation. It can be observed from the figure the outage probability of = 1.9 is better than = 1.5. A higher value of means that a smaller number of videos ( less than 20% ) account for most of the requests as popular video files are concentrated. Therefore, if has a greater value, smaller number of videos will be popular and most probably they will be present in an UE cache reducing the outage probability. Furthermore, from this figure it can be observed that our approximation as calculated in (9) is very close to exact theoretical results as calculated in (6) . The exact probability density function (PDF) for two users are calculated and presented in Appendix-C. Fig. 3 studies the relationship between outage probability and the number of transmitter users that have the desired file. The SINR threshold was fixed to ℎ = 0 dB and the memory size was fixed to 40 MB for each UE. The results are taken from approximation as calculated in (9) . It can be observed from Fig. 3 that as the number of transmitted users K increases, the outage probability decreases. In general when the popularity law parameter increases, the probability of finding relevant video in neighbour users will increase, which improves the chances for successful download. The popularity of a video is a crucial factor and plays essential role in our system model. In Fig. 4 the effect of popularity law parameter is shown. The SINR threshold ℎ = 0 dB, = 40MB, and the number of transmitter users was fixed to = 1 and 2, respectively. It can be observed from the figure that as increases, the outage probability decreases. Higher value of means that a small number of videos (less than 20%) are the most common requests. Therefore, they will be present in multiple UEs. Furthermore, it can be observed that as = 2, (MD2SD communication), multiple users assist in downloading the file to the desired user. The outage probability of MD2SD communication is enhanced by 20% compared to when = 1 which represents a conventional D2D link.
V. CONCLUSION
Using D2D communications and content caching at the user terminal is an efficient way to enhance mobile network performance. Our scenario depends on the storage unit capacity of the smartphones, number of transmitter users and redundancy on request of video files. We derived and obtained a general and an approximate expression for the outage probability. The results demonstrated that the outage probability was always reduced when the popularity of the video was increased, also when storage capacity of users and number of transmitted users were increased, compared to the D2D based content caching and delivery. 
APPENDIX-A
The success probability of (2) when the SINR exceeds a threshold ℎ is written as is the distribution of the distance of closest neighbour user in PPP [26] . We assume = 2 which is a typical value of path loss exponent in different environments [24] . By solving the ratio of distribution of two random variable, the distribution of is expressed as ( ) = ( + ) 2 , >0.
which is a Pareto density function type II. The PDF of = ∑ =1 is expressed as [27] ( )= 1
where
and (⋅) denote the generalized exponential integral function, for = 1, 2, ⋅ ⋅ ⋅ which is defined by [28] as
APPENDIX-B
For ( ) term in (2), it is assumed that each user has the same cache size, and the user receiver request video from user transmitters at the same time. The total number of videos available is equal to L, and the cache unit is independent of the distance , therefore the cache hit probability of video can be calculated as
where (a) is relaxed as is changed from discrete to continuous value.
APPENDIX-C Let = 1 + 2 is the sum of two independently random variable, where the distribution of is defined as ( ) = 
